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1. INTRODUCTION 

Many important quest ions remain i n  the 
problem of cumulus parameterization. One of  the 
most notable  is what are t h e  ensemble e f f e c t s  of 
mesoscale organizat ion of cumulus convection? 
How do large-scale  processes a f f e c t  mesoscale 
organiza t ion ,  i f  a t  a l l ?  How s t rong  is the 
coupling between large-scale and cloud-scale 
processes  when mesoscale organization of clouds 
e x i s t s ?  To attempt t o  answer these  quest ions,  we 
are performing s imulat ions using a numerical 
cumulus ensemble model. I n  p a r t i c u l a r ,  we  are 
s imulat ing a s i t u a t i o n  i n  which t h e  imposed 
large-scale  v e r t i c a l  v e l o c i t y  v a r i e s  i n  time, 
and analyzing t h e  r e s u l t s  i n  terms of  the 
cumulus ensemble's evolut ion and its r e l a t i o n  t o  
t h e  large-scale  forcing. 

2. THE NUJlERICAL HODEL 

The numerical model is a two-dimensional 
c loud model based on t h e  a n e l a s t i c  system of 
equat ions.  I t  includes a third-order  turbulence 
c losure  and a bulk microphysics parameteriza- 
t ion. 

Some r e s u l t s  from an e a r l i e r  version of 
t h e  cumulus ensemble model were presented a t  the 
1 6 t h  Conference on Hurricanes and Tropical 
tleteorology (Krueger, 198Sa). The e a r l i e r  
vers ion  of t h e  model is f u l l y  descr ibed in  
Krueger (1985b). The cur ren t  vers ion d i f f e r s  in 
two major ways from t h e  e a r l i e r  vers ion:  (1) An 
ice-phase microphysical parameterization has 
been incorporated following Lord et al., (1984); 
and (2) t h e  horizontal  domain is la rger  (128 
km). Both of these  changes should make the 
development of  mesoscale organizat ion more 
l i k e l y  than  i n  t h e  e a r l i e r  vers ion of t h e  model. 

The model domain is 18 km i n  depth. The 
v e r t i c a l  g r i d  i n t e r v a l  ranges from 100 m near 
t h e  s u r f a c e  t o  about 1 km near t h e  t o p  of the 
domain. The hor izonta l  g r i d  i n t e r v a l  is 1 km. 
The c y c l i c  boundary condi t ion is used i n  the 
hor izonta l  d i r e c t i o n ;  at t h e  , t op  and bottom, the 
boundaries are r i g i d .  The lower boundary is 
assumed t o  be a sea  surface.  ' 

H89-7 1024 

Unclas 
00/47 01 131 12 

3. THE "ERICAL SIMTLATION 

3.1 External  parameters 

I n  t h e  model, t h e  large-scale  v e r t i c a l  
v e l o c i t y  (W), t h e  r a d i a t i v e  cool ing ra te ,  and 
t h e  sea sur face  temperature are specified. 
During t h e  f i r s t  24 hours,  V is zero.  After 
hour 24, W is p o s i t i v e  a t  a l l  levels wi th  a 

v a r i e s  s i n u s o i d a l l y  i n  time with a 48-hour 
per iod and reaches its maximum a t  hour 48 and 
every 48 hours t h e r e a f t e r .  A t  7.5 km, V ranges 
between 0 and 5.5 cuds. The r a d i a t i v e  cool ing 
rate is 2 K/day below 15 km and zero  above 15 
km. The sea sur face  temperature is f i x e d  a t  
299.9 K. 

EZZtrnum st 2 hei-,M of 7.5 hi *e- *-* --=---JC. ma6.1LCJde 

To compute t h e  sur face  f l u x e s ,  t h e  
s u r f a c e  wind speed (VI is required.  We se t  V=2.5 
d s ,  which is typical f o r  t h e  ITCZ. To provide a 
decay,mechanism f o r  g r a v i t y  waves, a r a d i a t i v e  
damping term is included i n  t h e  equat ion f_r 
p o t e n t i . 1  temperature ( 8 ) .  We use -k(B-O), 
where 8 is t h e  hor izonta l  average of  8, and 
k=0.2 day-l. 

S t a r t i n g  a t  hour 1, random per turba t ions  
are added t o  t h e  p o t e n t i a l  temperature fields a t  
t v o  levels near t h e  middle of t h e  subcloud mixed 
layer  t o  i n i t i a t e  c loud formation. The tempera- 
t u r e  per turba t ions  range from -0.4 t o  +0.4 K. A 
d i f f e r e n t  se t  of random temperature perturba- 
t i o n s  is used f o r  each 5-minute i n t e r v a l .  The 
per turba t ions  are added evenly over each time 
interval and t h u s  act as a per turba t ion  heat ing 
o r  cooling. 

3.2 I n i t i a l  condi t ions  

The i n i t i a l  sounding is i n  hydros ta t ic  
balance and follows t h e  GATE Phase 111 rean  
sounding. The troposphere Is moist and 
condi t iona l ly  unstable  below 4 km. The sounding 
was s l i g h t l y  modified t o  include a well-defined. 
mixed l a y e r  500 m deep. A t  t h e  s u r f a c e ,  t h e  air  
is i K co lder  than  t h e  sea. A l l  of t h e  
turbulence fields are zero i n i t i a l l y .  
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Fig. 1. Time s e r i e s  of  t h e  t e m v  i n  t h e  domain-integrated water budget: large-scale advection, 
s o l i d  l i n e ;  sur face  evaporation r a t e ,  dash-dot l i n e ;  sur face  r a i n f a l l  r a t e ,  dashed l i n e .  

Horizontally-Averaged Temperature Departure  

TIME (HOURS1 

Fig. 2. Time series of T sho& a s  departure from i n i t i a l  T. Contour i n t e r v a l  is 0.5 K; dashed 
contours Indica te  negative depar tures .  Contours a re  labe led  In  u n i t s  of 0.1 K. 
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Fig. 3. Time s e r i e s  of shown as departure from i n i t i a l  6". Contour in t e rva l  is 0.5 g/kg; dashed 

contours ind ica t e  ,negative departures.  Contours are labe led  i n  u n i t s  of 0.1 g/kg. 
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\ Fig. 4 s h o w  examples of t h e  cloude and 
p r e c i p i t a t i o n  simulated by the  model at hours 48 
and 49. A t  hour 48 we see a decaying cell near 
x-20 kr and a group of c e l l s  extending from x=65 
t o  I 0 5  km. One hour later, the  c e l l  a t  x=20 km 
has f u r t h e r  d i s s ipa t ed ,  while the cells i n  t h e  
group have coalesced somewhat and begun t o  
d i s s ipa t e .  

Fig. 5 shows the  temporal and s p a t i a l  
d i s t r i b u t i o n  of the  sur face  r a i n f a l l  i n t ens i ty .  
From t h i s  f i gu re ,  w e  see t h a t  t h e  increaae i n  
convective a c t i v i t y  a f t e r  hour 36 is manifested 
i n ,  on t h e  average, more in tense  r a i n f a l l  and a 
l a r g e r  f r a c t i o n  of t he  area covered by r a i n .  We 
a l s o  see t h a t  t he  rain-covered area is l a rge ly  
wi th in  a few groups of cells, e spec ia l ly  from 
about hour 48 t o  hour 60. These groups were up 
t o  40 km long and l a s t e d  seve ra l  hours. 

S. DETAILED ANALYSIS 

. S.1 CouDling between large-scale Drocesses 
and cumulus ensembles 

To what ex ten t  are t h e  p rope r t i e s  of a 
cumulus ensemble determined by t h e  cur ren t  
large-scale processes? Among o the r  th ings ,  t h e  
answer depends on t h e  averaging sca le .  It 
probably a l s o  depends on t h e  i n t e n s i t y  of t h e  
convection and its degree of mesoscale 
organization. For example, t h e  r a i n f a l l  r a t e  
~ Y X R  in F t g .  i is o property of t h e  cumuius 
ensemble; t o  what ex ten t  is it determined by 
large-scale processes? 

The cumulus ensemble p rope r t i e s  of most 
i n t e r e s t  a r e  Qi and Q2, t h e  apparent heat source 
and apparent w i s t u r e  s i n k  due t o  cumulus convec- 
t i on .  Using da ta  from t h e  simulation, we are 
ca l cu la t ing  t h e i r  time series and averaging each 
t i m e  series with respec t  t o  cyc le  phase. We can 
then obta in ,  and analyze, t h e  var iances  of QI 
and 02. 

We a r e  a l s o  examining t h e  quasi- 
equi l ibr ium of the  cloud work function. The 
c loud  work func t ion  is a measure of t h e  buoyancy 
genera t ion  of k i n e t i c  energy per u n i t  cloud base 
11188 f lux ;  its quasi-equilibrium is one of t h e  
c losu re  assumptions of t h e  Arakawa-Schubert 
Cumulus parameterization (Arakawa and Schubert, 
1974). 

5.2 Cloud-subcloud l aye r  i n t e r a c t i o n  

We a r e  a l s a  extending the  inves t iga t ion  
of cloud-subcloud layer  i n t e r a c t i o n  by Krueger 
(1985). W e  a r e  in t e re s t ed  i n  the  cont r ibu t ions  
t o  QI and 9 by penet ra t ive  cumulus downdrafts 
and by r a i n f a l l  evaporation. These e f f e c t s  a r e  
very important i n  the  SCL, ye t  are d i f f i c u l t  t o  
inc lude  i n  a cumulus parameterization without 
introducing many add i t iona l  disposable 
Parameters. 
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Surf ace Ra in fa l l  I n t e n s i t y  

Fig.  5. Time s e r i e s  of s p a t i a l  d i s t r i b u t i o n  
of su r face  r a i n f a l l  i n t ens i ty .  Degree of shading 
ind ica t e s  r a i n f a l l  i n t e n s i t y  f o r  r a i n f a l l  rates 
> 0.25 d h r  averaged over 25 min. The peak 
rates were between 60 and 120 W h r  averaged 
over 25 min. 
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